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August 17, 1999, Kocadli, Turkey Earthquake
Field Investigation Report

Robert L. Anderson, William U. Savage, and Fakir H. Erdogan

Summary

On August 17, 1999, a 3:01 AM, the industria heart of the country of Turkey, the Izmit Bay
area, was hard hit by amagnitude 7.4 earthquake, accompanied by severe ground shaking,
extensve surface fault rupture of several meters, and shaking-induced ground fallurein
urbanized areas. In the days following the earthquiake, as televised reports and information on
the Internet flowed out of the densaly urbanized Kocadli Province and adjacent provincesin
western Turkey, it became clear that there was sgnificant information regarding the performance
of the Turkish eectric power system to be gained by studying this earthquake. Thisinformation
would bring timely and relevant data to the earthquake research program funded by the
Cdifornia Energy Commission (CEC).

The Turkish Electric Generation and Transmisson Company (TEAS) invited the Pecific Gas
and Electric Company (PG&E) to send ateam to Turkey to examine the damage and
performance of the TEAS dectric generation and transmission system after the earthquiake.
PG& E formed ajoint CEC/PG& E reconnai ssance team to gather critical, time-sengitive data
and information regarding the earthquiake and its effects on eectric power reiability, eectric
utility customers, and the accuracy of earthquake loss prediction models.

Detalled briefings were held with TEAS in Ankara regarding the performance of the utility
gystemsin the earthquake. Severd field tours enabled the team to inspect many festures of the
surface fault rupture and its effect on structures and utility and trangportation systems.
Inspection of the surface fault features at selected locations illustrated many examples of poor
and good performance of buildings, pipelines, and transportation corridors. It was noted by the
field team that the Site soil conditions and/or poor construction practices had played an
important part in the amount of damaged or destroyed buildings in the area affected by the
earthquake. The natural gas transmission and distribution systems performed quite well. The
systemsin the vicinity of the earthquake were well made and did not cross the fault rupture
zone. The wdl-built trans- European motorway way aso performed quite wdll. The only
sgnificant damage to the motorway was to an overcrossing that was built over the fault rupture
zone, and to the toll collection stationsin the vicinity of the earthquake.

The physica damage to dectric generation, transmission, and distribution equipment was
consgtent with the experiencesin past earthquakes in Cdifornia, Japan, and esewhere. In spite



of the severe earthquake conditions, the electric power transmisson system was quickly
restored on the day of the earthquake, thus promoting the timely restoration of customer service
indl but the most severdly damaged urban aress.

Thisinvestigation has had alarge impact on the importance of the joint CEC-PG& E-PEER
research program, and has reinforced the necessity of continuing to andyze the critical issues
that affect safety and reliability of eectric power in Cdifornia The detailed observations and
data collected during and following the fied investigation are being utilized in the planning of
ongoing and future research activities covering dl the topics of the program.

I ntroduction

West Coast eectric utilities, such as PG& E, Southern Cdifornia Edison, Los Angeles
Department of Water and Power, Bonneville Power Authority, and British Columbia Hydro,
have been assessing dectric system performance after earthquakes for many years. In 1999,
the CEC and PG& E were in the find stages of a research project regarding electric system
selsmic safety and religbility. Research on thistopic was origindly started by PG& E in 1996.

On August 17, 1999, a moment magnitude 7.4 earthquake struck near the cities of 1zmit and
Golcuk Turkey, inthe Marmara Sea.  The earthquake occurred on the North Anatolian fault, a
fault thet had been intensely studied by earthquake specidists from around the world for some
time. The North Anatolian fault was recognized as sharing some highly sgnificant amilaritiesto
the San Andreasfault in Cdifornia(seefigure 1). The amilarity to the San Andreas fault and
the smilarities between TEAS and PG& E, combined with earthquake related effectsin an urban
Setting, made Western Turkey an important case study area for assessng and refining the
CEC/PG&E dectric system seigmic safety and rdiability project.

In response to the Kocadli earthquake, LIoyd Cluff, Manager of the PG& E Geosciences
Department, contacted his associates in the Turkish geological community and established
contact with TEAS to arrange for afield investigation. The purposes of the fidd investigation
were:

1) to make observations and collect data that were time sengitive and would not be available
after sgnificant recovery efforts had taken place;

2) tointerview TEAS representatives regarding their observations and actions taken to recover
from the effects of the mainshock and aftershocks.

3) to make observations regarding the performance of the natural gas system in the area
affected by the earthquake; and

4) to collect strong ground motion data related to the earthquake and aftershocks.

Funding for the field investigation came from three sources. 1) PG& E; 2) the CEC/PG&E
contract; and 3) the Office of the Executive Director of the CEC. On September 2, 1999, the



CEC/PG& E team departed from San Francisco, Cdiforniaand flew to Istanbul, Turkey to

conduct the field investigation..

The field team condsted of the following personnd:

\ Primary Topics of | nvestigation Organization

Lloyd Cluff, Team Leader Seismic Geology, Damage PG& E Geosciences Dept.
Assessment and Structural
Performance
Norman Abrahamson Engineering Seismology PG& E Geosciences Dept.
Robert Panero Utility Risk Management PG& E Insurance Dept.
William Savage Seismology, Damage PG& E Geosciences Dept.
Assessment, and Electric and
Natural Gas Utility Performance
Robert Anderson Engineering Geology, Power CEC Engineering Office
Systems Performance
Aykut Barka Geology, Seismology Istanbul Technical University,
Geology Dept.
Fakir Erdogan Electric Power Systems TEAS, Nuclear Engineering Dept.
Muzaffer Genc Geology TEAS, Nuclear Engineering Dept.

The fidd investigation performed by this team has provided input to the EERI reconnaissance
report on the Kocaeli earthquake (Bardet and Bray, 2000).

Background

The country of Turkey is about 30% larger than the state of Cdifornia The population of
Turkey is gpproximatdy 65 million. Istanbul, the largest city, is located on the east and west
shores of the Bosphorus, gpproximately 40 kilometers northwest of 1zmit. The industria center
of Turkey lies between Istanbul in the west and the valey east of the Bay of 1zmit, where the
August 17, 1999, Kocadi earthquake took place.

The Turkish Electric Generation and Transmission Company (TEAS) owns and operates a
modern electric power generation and transmission sysem. Thetota generation capacity in the
country (1998 figures) is about 23,000 megawatts (MW), composed of hydrodectric plants
(44%), and thermal plants fueled by cod (28%), natura gas (19%), liquid fuels (7%6), and other
(3%). TEAS produces 70% of the energy generated in Turkey, with the rest produced
primarily by private therma plants. TEAS operates amost 13,000 km of transmission lines a
380,000 volts (380 kV), and more than 27,000 km lines at 154 kV. Thefirst 154 kV line was
built in 1952, and the first 380 kV linein 1979. The Turkish eectrical network is connected to
Bulgaria, Georgia, Iran, Armenia, Azerbaijan, Irag, and Syria; energy is currently imported from
thefird three.

In 1993, the Turkish Electricity Authority was separated into two state-owned entities, TEAS
and the Turkish Electricity Digtribution Company (TEDAYS). TEDAS divided the digtribution
system into provincid or regiond units, which operate ether as affiliated partnerships or as



subunits of TEDAS. The digtribution substations primarily operate at 34.5 kV (including 30 kV
and 31.5kV), 15kV, and 0.4 kV. Power is distributed with overhead lines ingtalled on metal
towers or concrete poles, and with underground direct-buria cables.

There are severa independent power producersin this area as well as severd smal dams. The
Turkish eectric system is about the Sze of the PG& E sysem in Cdlifornia. At the time of the
Kocadi earthquake the eectric system in Turkey was undergoing amgor expanson, SO new
equipment and materids were readily available in country which greetly facilitated the restoration
effort. The National Transmisson Grid Project is financed by the World Bank and is intended
to be completed in 2004. This project will establish among other e ements the independent
operation of the transmission grid system.

The totd lengths of the North Anatolian and the San Andreas fault zones are gpproximately
1,500 kilometers and 1,200 kilometers respectively. The North Anatolian fault zone, like the
San Andreas fault zone, is segmented and has numerous related faults. The western end of the
North Anatolian fault extends off shore from Y aova and goes west under the Marmara Sea
towards Europe and the Aegean Sea. Prior to the Kocaeli earthquake, the North Anatolian
fault system had experienced ten mgor earthquakes since 1939. The tota of the aggregate
rupture length for the ten earthquakesis gpproximately 1,000 kilometers (Stein and others,
1997). They had estimated that the North Anatolian fault zone segment south of 1zmit had a
12% chance of having amagnitude 6.7 or greater earthquake by 2026.

Findings

The surface rupture associated with the Kocaeli earthquake occurred in four segments. The
total length was gpproximately 120 kilometers dong the North Anatolian fault. The rupture
propagated in a bi-directional (east and west) manner with the epicenter of the earthquake
occurring gpproximately 11 kilometers southeast of Izmit, Turkey. The type of faulting was
primaxily right lateral strike dip, the same style of faulting that occurs on the San Andrees fault.
The maximum total horizontal displacement & any one Stewas 5 meters. Thetotd vertica
displacement did not exceed 3 meters a any one Ste. The amount of horizonta displacement
was less than that observed a some locations after the 1992 Landers, Cdifornia earthquake (6
meters) or the 1999 Hector Mine earthquake (5.2 meters). The duration of strong ground
shaking from the earthquake wasr 45 seconds. The recorded peak horizonta ground
acceleration was 0.429. However, none of the power plants, subgtations, or switchyardsin the
area affected by the earthquake had strong motion recorders. There have not been any
aftershocks over magnitude 6, out of more than 2,400 aftershocks.

Site- specific conditions and the qudity of congtruction had significant impacts on the
performance of buildings and infrastructure eements such as transmission and distribution of
eectricity, natura gas, and water. Facilities |ocated on semiconsolidated to unconsolidated
dluvium or fluvid or lacudtrine deposits generdly performed relatively poorly. In generd,



facilities located on limestone, sandstone, and other well-indurated materias performed better
than their counterparts built on softer geologic meterials.

The August 17, 1999, Kocadli earthquake caused an immediate, countrywide blackout of the
trangmisson system due to high-voltage substation damage and power plants tripping off.
Magor digtribution system damage occurred in five provinces. Sakarya (Adapazari), Kocadi
(Izmit), Yaova, Istanbul, and Bolu. Additiond affected provinces were Bursa and Eskisehir.
These seven provinces consume more that 40 per cent of dl the power used in the country. In
the following sections, the generation and transmission system damage is summarized, and the
process of tranamisson system restoration is described. Then the dectric didtribution system
damage is summarized, the performance of the natura gas system is discussed, and conclusions
from the earthquake are drawn.

ELECTRIC POWER SYSTEM PERFORMANCE
Damageto Power Generation

None of the TEAS generating stations were damaged by the earthquake. The closest thermal
power plants to the earthquake are the fud-oil and naturd gas plants a Ambarli, onthe west
sdeof Istanbul. Two smal hydroeectric plants located north and south of the eastern segment
of the fault rupture had no damage reported. No geothermal, solar, or wind farm power
generaing facilities were located in the area affected by the earthquake. Currently there are no
nuclear power plants operating or under congtruction in Turkey.

Enerji SA Autoproducer (Cogeneration) Plant, Kosekoy, Kocadli Province. A 40 MW
naturd gas fired cogeneration plant, the Enerji SA plant (seefigure 2), is part of an indudtrid
park severd kilometers west of the Kosekoy substation southeast of [zmit and within about
three kilometers of the fault rupture. The estimated pesak horizontal ground acceleration at the
stewas 0.4 g. The plant consgts of aframe 6 combustion turbine generator (CTG) and Hesat
Recovery Steam Generation (HRSG) unit and was put into service in March 1998. Two
additiond units were under congtruction at the time of the earthquake. The CTG was built on
piles due to the soft soil conditions, but the HRSG was not, even though both units were built on
semiconsolidated dluvium.

At the time of the earthquake, the CTG' slubrication oil high/low darm signded, and the plant
tripped. The emergency diesel generator Sarted in two minutes. The turbine was cooled down,
turning dowly for two days. The immediate post-earthquake ingpection reveded only minor
damage: the CTG foundation settled differentidly by 0.5 cm; nuts on the foundation connection
bolts partidly loosened; nuts on the anchorage for the water treatment plant also |oosened; the
HRSG displaced sufficiently to pull a base plate off its threaded anchors; there was some
concrete spalling on the west sde of the HRSG foundation; and unanchored parts storage
shelves and other inadequatdly restrained objects were damaged. This amount of differentia
Settlement iswithin the preiminary design tolerance for some modern US built natural gas-fired



plants. The facility manager said that were no procedures and experience to base what to do
for aframe 6 CTG power plant that had just had experienced a magnitude 7.4 earthquake. The
fact that aframe 6 CTG withstood this amount of settlement and was able to resume operation
after minor repairs and an ingpection lends credence that 0.5 cm of settlement was not overly
excessve for the Enerji SA plant. There was no damage to the plant’s natura gas supply
connections.

There was some damage to the two units under congtruction, including twisted 1-beams, the
input flue calliding with other partsin the HRSG, and an 80-tonne package bailer jumping off its
foundation because it was not yet atached. The plant manager said thet the inlet flue of the
partidly built HRSG had been damaged by colliding with other parts of the HRSG.

The plant office building had cracks and one broken column. The building was not built on
piles, but had a continuous perimeter footing and a concrete dab on grade. The stairway dilated
and there were large cracks in the shear walls. In addition bookcases overturned in the offices.

Although the transformers at the generator were mounted on whedlsthat rolled in steel channels,
they did not move enough to cause damage. Inthe 154 kV switchyard adjacent to the power
plant, abus bar was damaged and high-vadtage bushings on the two 154/34.5 kV transformers
were broken at their bases. Connections to the bushings were by flexible conductors, so the
plant personnd concluded that the bushings failed due to strong shaking. The transformers were
rail mounted with brakes on the wheds, but it is not known if they moved significantly during the
earthquake.

The insurance carrier for Enerji SA asked for a detailed inspection before the plant could be
restarted, which took about 3 1/2 weeks following the earthquake to reach the find tegting
stage. All the pressure switches had to be re-cdibrated. Thiswas an unforeseen delay and if
there had been a customer available to receive power this could have been a significant financia
lossto Enerji SA. During that period, the substation was repaired using spares on hand for the
new construction, and was reconnected to the TEAS grid at 34.5 kV in 40 hoursand at 154
kV in 60 hours. Asthe Enerji SA customers recovered their operations, they could be supplied
by the grid until the plant restarted.

Damageto Electric Power Transmission

Turkey hasinterconnections with Azerbaijan, Georgia, Armenia, Bulgaria, Iran, Irag, and Syria.
After the earthquake Turkey was importing power from Bulgaria. There are two main dectric
transmission systemsin Turkey, one at 380kV and the other at 154kV. The 380 kV lineswere
out of service after the mainshock. The 154kV eectric transmisson system remained
operationd after the mainshock and aftershock of the morning of August 17, 1999.

There were no transmission towers that were taken out of service due to earthquake damage.
The most severdly threatened tower was a 154 kV dectric transmission tower on ashort



connection to a subgtation that is part of alarge Ford automotive manufacturing facility under
congtruction near the city of Golcuk (seefigure 3). Surface strike-dip faulting with alarge
norma component crossed the foundation of the tower, and twisted and eevated one leg and its
concrete footing about two meters out of the ground. The tower did not tilt. It was supported
by the remaining three legs, and remained in service.

Nine transmisson substations suffered damage or disruption to transformers, switching
equipment, and buildings. All of the damage was associated with strong ground sheking. Tang
(2000) provides additiona descriptions of substation damage. Figure 4 shows the locations of
the subgtations. Estimates of the peak ground acceleration at each substation have been
provided by Dr. Ellen Rathje (persond communication, August 2000)

1. Adapazari 380 kV Substation

The Adapazari subgtation islocated in the southern part of the city of Adapazari, a a cut-and-
fill Ste on the south flank of alow hill. The 380 kV facilitieswere inddled in 1983. Thedteis
about 3 km from the nearest fault rupture segment. The peak horizontal ground acceleration
edimated for the Steis 0.4 g.

Sx Aseaminimumt-ail-type circuit bresker setsfailed (three individud breakersin each
set) dueto oil leakage and porcelain breakage. The connecting equipment was also broken and
fdl, induding sx horizonta and seven vertical disconnecting switches, their rigid duminum
connectors, and two post insulators. A marshaing kiosk that housed signding cables and
equipment for one circuit breaker was also damaged. The damaged Asea circuit breskers were
located on what appeared to be thefill part of the Ste, with undamaged Asea breskers il
standing on the cut sde. Three 1986- vintage Hitachi minimum-oil-type breakers also were
located on thefill, but were not damaged.

The rigid pipe connections between the reserve ail tanks and main tanks for two
380/154 kV power transformers were damaged due to displacement of the transformers on
thar rals. The transformer digplacements also appeared to cause breakage (with oil leaks) of
two tertiary bushings due to insufficient dack in the flexible connectors.

Two other 380/154 kV rail-mounted power transformers aso were displaced about 30
cm, and two neutrd bushings, two tertiary bushings, and six 154 kV arresters were broken.
One 380 kV bushing with arigid connector was also broken.

One post insulator of a154 kV circuit breaker feeder was broken.

The three-story, concrete-frame and masonry-infill building housing the Regiorel Load
Dispatching Center for northwest Turkey was damaged to the point that staff did not enter the
building for severd days, and some critical control equipment was moved into an adjacent
portable building. Unanchored battery racks for an emergency power supply toppled, and



some SCADA computer equipment was damaged interndly (circuit cards and a hard disk
drive) due to strong shaking.

The operation management facility at the substation, dso athree-story, concrete-frame
and masonry-infill building, was moderately damaged. Activities were relocated to four
temporary buildings and tents erected nearby.

Asareault of the circuit- breaker damage at the Adapazari substation, four 380 kV transmission
lineswere out of operation after the earthquake. However, two 380 kV transmisson lines
bypassed this substation, linking undamaged substations to the northwest and southeast. These
two lines were critical to power restoration, as will be discussed later. TEAS planned these two
linesto afford rdiability protection in the event of fire affecting the Adapazari facility.

A smal subgtation located next to the north side of the Adapazari Substation and been out of
service for severa years when the earthquake hit. No damage was apparent to the substation;
however it did not have its components hooked up to the local power grid. The smal substation
had been in operation during the 1957 Turkish earthquake and was partidly damaged. The
Adapazari substation personnel told us that shortly after the substation had been repaired in
1957, an aftershock knocked it right back down and out of service.

2. Osmanca 380 kV Substation

The Osmancha substation is located near the Black Sea coast just south of Akcakoca, about 40
km north of the eastern end of the earthquake fault rupture. Smilar circuit-breaker damage to
that at the Adapazari Substation occurred, taking the two 380 kV lines passing through the
dation out of service. Six sets of Asea 380 kV minimum-ail-type current breskers fell over,
aong with four post insulators and 10 vertical and seven horizontal disconnect switches. Also,
one marshaing kiosk was damaged due to broken anchor bolts. The pesk horizonta ground
acceleration estimated for the Steis 0.2g.

3. Eregli 380 kV Subgtation

The Eregli subgtation islocated on the Black Sea coast about 65 km from the eastern end of the
earthquake rupture. A smal oil leakage occurred on a 380 kV bushing of a 380/154/15.8 kV
transformer. The cause of the leakage is unknown, and may have been due to cracked
porcelain or gasket dippage. The peak horizontal ground accel eration estimated for the Siteis
0.1g.

4. Bursa Sanayi 380 kV Substation

This subgtation, located 80 km southwest of the fault rupture, contains nine transformers. The
two largest ones, 250 MV A 380/154 kV units, moved 16 cm and 11 cm respectively on their



rallswith clamps, but no damage occurred. The pesk horizontal ground acceleration estimated
for thedteis0.1g.

5. Kosekoy 154 kV Substation

This substation is located southeast of 1zmit close to the fault rupture. Of two 154/33 kV
transformers, the unit in service had no damage, but the spare fell off the end of its rail mount.
The peak horizonta ground acceleration estimated for the Siteis 0.4g.

6. Yaova 154 kV Substation

The Ydova substation is located at the city of Yadova. The 154/33 kV transformer in service
went off itsralls and fell over. The pare transformer did off its platform and nearly fdl over; an
oil leak on one of the 154 kV bushings was noted. Electrical contacts of the 154 kV disconnect
switches were damaged due to pounding, but were ether repaired or used asis. Post insulators
on the 154 kV wave trap were broken. The 34.5 kV switchyard building had some concrete
damage but continued to be used, and aresdentid building on the site had cracked wallsand a
collgpsed roof. The peak horizontal ground acceleration estimated for the site is 0.3g.

7. Yarimca-1 154 kV Substation

This subgtation is located on the north sde of the Bay of 1zmit, northwest of Golcuk near the
refinery and petrochemical plant, and about 4 km from the fault rupture. Three 154/34/5 kV
transformers went off their rails, but were ill operable. The pesk horizontal ground
acceleration estimated for the Ste is 0.3g.

8. Sultanmurat 154 kV Substation

This subgtation on the west Sde of Istanbul isagasinsulated (GIS) facility. At the time of the
earthquake, a Buscholz warning and disconnect signals were received from two transformers,
causng the fire protection systems to engage and take the transformers out of service. No
damage occurred. The peak horizontal ground acceleration estimated for the siteis 0.1g.

9. Ikitelli 380 kV Subdtation

This subgtation is aso located on the west Sde of Istanbul. Cracks were observed in resdentia
buildings at the substation, but the damage did not interfere with operation of the substation.
The peak horizonta ground acceleration estimated for the Siteis 0.1g.

A small substation was under construction at the Ford Motor Company car manufacturing plant
in Golcuk. The substation had not yet been connected to the 154 kV eectric transmisson
system located just to the south of the facility. Surface rupture was observed in the substation,
but the substation was otherwise undamaged. The amount of surface rupture was not measured



but appeared to be lessthan averticd offset of 4 cm. Thisamount of verticd offset may not
have adversdly affected the substation had it been on-line at the time of the earthquake.

Recovery of the National Electric Transmission System

The following time line summarizes the process of power transmission retoration and other
recovery actions taken by TEAS personnel in response to the Kocaeli earthquake.

3:02 AM, Augqust 17

The TEAS nationd dectric system was de-energized during the earthquake shaking, principaly
due to substation damage. Only isolated regions that were fed from Bulgaria, Georgia, and
Iran, and areas in the far western part of the country that could be maintained by loca power
plants were able to stay in service. All the hydroeectric plants and the thermad plants outside of
the Aegean region tripped off. All saff responsible for load digpatching were called in to begin
working.

3:30 AM

The appropriate staff under the chairmanship of the Generd Manager assembled in the Nationd
Load Dispatching Center near Ankarato supervise the recovery actions and to organize
necessary activities using al the resources of the company. Buses began to be energized.

4.00 AM

The Hamitabat therma plant 140 km west of 1stanbul was energized from the Bulgarian
connection and put back in service so that 1stanbul could be energized. Smilarly, plantsto the
east and south of the earthquake-affected area were brought back in service, and linesin the
380 kV and 154 kV grids began to be energized.

6:30 AM

The connection between the I stanbul region and the Centra Anatolian region was established
using the two 380 kV linesthat crossed the 1zmit- Adapazari area but bypassed the damaged
Adapazari and Osmanca substations (Figure 4). The step-by-step restoration of generation
plants and transmission lines proceeded outside of the strongly damaged area. Inspection of
subgtation damage continued.

7:30 AM
The determination of damage to the 380 kV portions of the Adapazari and Osmanca

substations prevented their being energized. The 154 kV sides of these substations were being
checked.



8.00 AM

Although it was determined that the 154 kV buses could be energized in the damaged
subgtations in the strongly shaken aress, the local governors requested that the locdl distribution
system not be energized because of the serious risks associated with introducing power into
damaged areas and potentially damaged customer equipment.

8:30 AM

With the exception of the specific damaged substations and areas mentioned above, the 380 kV
and 154 kV system returned to normal operation. An expert commission composed of
technical staff and ass stance teams was established by TEAS headquarters, and was assigned
the responsibility for determining the earthquake-related damages for recovery planning
purposes. They departed shortly to the earthquake affected aress.

854 AM

A strong aftershock in the Duzce area caused the 380 kV connection between Ankara and
Istanbul to relay off, thus causing the entire grid to de-energize again. The line-by-line and plant-
by-plant restoration process began again.

11:30 AM

The grid was restored once again, except for the 380 kV sides of the Adapazari, Osmanca, and
Eregli subgtations.

1:30 PM

The 154 kV sde of the Adapazari substation was checked and verified as safe, so the loca grid
was energized and dectricity was made available at 34.5 kV whenever it would be needed.

2:00 PM

The 154/34.5 kV transformers at the other damaged subgtations in the strongly shaken area
were energized so that distribution circuits could be energized as needed. At thistime, the
transmission system was brought back to normal operation except for the damaged parts.
Didtribution system components were subsequently brought back online as soon as circuits
could be tested and damaged areas disconnected. Most distribution service was restored by
the evening of August 17, except for areas with damaged circuits.

August 30



By this date after the main shock, al substation equipment damages were repaired. These
repairs were made possible in part by the fortunate availability of new circuit breakers and other
equipment that had been recaived by TEAS in preparation for extensive new congtruction.
Efficient and effective TEAS teams were formed to carry out repairs with assstance from
personnd from equipment manufacturers. In particular, ateam of 130 engineers and

mai ntenance specidists rebuilt the 380 kV sde of the Adapazari subgtation, and a smilar team
of 100 repaired the 380 kV side of the Osmanca substation. As noted previoudy, the
redundant configuration of the 380 kV system enabled these substations to be bypassed while
repairs were made, without delaying grid restoration and distribution circuit restoration.

The cost for damaged equipment that TEAS replaced immediately following the earthquake was
US$1,483,000. Thisincluded 9 circuit breaker sets, 11 disconnect switches, three transformer
bushings, and six lighting arresters. TEAS edtimates that they will spend an additiond US$10.5
million to replace weak or damaged but operationa equipment.

Damage and Restoration of Electric Distribution

In the affected provinces, the distribution systems experienced heavy damage that was closdy
associated with the intense building damage and the associated strong shaking and ground
falure. Thedidribution systemsinclude KORFEZ (Izmit), SEDAS (Sakarya and Bolu),
TEDAS (Ydova), and BEDAS and AKTAS (Istanbul).

A common type of damage to tower mounted dectric transformersin Adapazari and Golcuk
was fdling out of their box frame attachments to the towers due to alack of adequate restraints
on the transformers. There were two main types of damage to the underground portion of the
electric digtribution system in Turkey. First the connections to the buildings and other lineswere
broken, and second, emergency crews would dig up portions of underground power lines. The
need for power distribution service was reduced by severa hundred thousand customers due to
the large number of buildings that were either destroyed or so heavily damaged that they may
not be saved.

The digtribution systems generdly contain the following e ements, with the typicd damage
indicated:

Medium voltage (MV) lines operating typicaly at 34.5 kV or 15.8 kV; damaged by
falure of towers, building collgpse knocking down lines, line burndown.

Low voltage (LV) lines operating a below 15.8 kV down to 400 volts, damaged by
failure of towers, building collgpse knocking down or pulling down lines.

MV-MV trandformers typicaly housed in smal substations: damaged by bushing
breskage or ail leaks caused by strong shaking, building debris faling on transformers, cables



pulling on insulaors, large displacement or toppling of transformers due to inadequate
anchorage.

inadequate anchorage, pole falure causing transformer to fall, building collgpse pulling on
overheed lines bregking insulators.

MV and LV direct burid cables used primarily in urban areas; damaged by ground

MV-LV trandormerstypicaly pole-mounted; damaged by fdling of transformer due to

failure, foundation failure of buildings, and cables being pulled during post-earthquake building
rescue and demolition activities.

Damage datigtics for the five primary provinces are shown in Table 1.

Table 1. Didribution System Damage in the Kocaeli Earthquake. The upper number refersto

the pre-earthquake tota s within the province, and the lower number refers to the amount

damaged due to the earthquake. Note that the length of cables and overhead lines represents
the entire length of the circuits that were damaged or destroyed.

Province [ MV-MV MV-LV MV MV MV LV lines LV LV Servic
Transfm | Transfm Lines Towers Cables (km) Towers cables e
r r (km) (km) (km) Trucks
Kocaeli 39 2,267 2,620 28,833 95 6,597 80,718 225 53
13 233 130 1,210 19 270 3,449 61 23
Sakarya 9 2,299 1,805 29,913 120 5,159 114,301 580 127
4 248 165 750 65 215 550 135 11
I stanbul 157 8,372 6,826 38,802 2,613 124,662 208,000 4,998 108
4 750 72 2175 900 2,665 20,700 2,400 32
Yaova 3 369 289 5,798 45 787 14,828 75 11
0 101 100 200 0 125 850 35 5
Bolu 4 2,477 3,239 34,297 28 4,482 106,885 125 65
0 101 200 0 5 25 500 35 0
Total
Damage $960K $9,609K $19,029 | (incl.w/ | $6,238K | $11,790K (incl. w/ $15,934K | $648K
Cost USD K Lines) Lines)

Regtoration of digtribution service was closdly controlled by loca officids and distribution

company personnel to assure that power was restored only when circuits had been
disconnected from damaged structures and properly tested. The TEDAS maintenance

personnel had the transformers operationa by noon on the 17"; however, the crisis control

center delayed authorizing the engerizing of the transformers until the threat of dectricdly ignited
fires was past. Electric power was restored localy by two p.m. Electric power was first
restored to hospitals and municipa water wells. Mot digtribution areas in the affected

provinces were restored in a matter of days. Emergency response and recovery facilities, such
as hospitals and water pumps, received high priority for restoration. A shortage of emergency

power generators and rescue equipment was a problem.




Because of the extensive damage to underground cables, it is planned to collocate replacement
cables with other utilities. The existing damaged cables are being abandoned in place.

Thetotad cost of distribution system damage is estimated to be US$69.6 million. Thisincludes
the damage cost of $64.2 million shown in Table 1, plus an additiond $5.4 million thet includes
new equipment used to replace damaged equipment and new construction of poles and linesto
serve the tent encampments and other temporary housing established for people who lost their
housing. The actud total cost will not be determined until dl the repairs have been completed.

L essons L ear ned

The electric power system in Turkey was hit by extreme earthquake effects due to the Kocadli
earthquake: severe ground shaking, more than 100 km of surface fault rupture of severd meters,
and shaking-induced ground failure in urbanized areas. The earthquake-affection region
contained the heart of Turkey’sindudtria facilities, and was densdly urbanized. In spite of these
conditions, the transmission system was restored quickly, thus promoting the timely restoration
of customer servicein dl but the most severely damaged urban areas. There are severd
important observations:

The extensve damage to severa 380 kV substations was not amgor factor in transmission
power restoration due to the existence of 380 kV transmission lines that bypassed the
damaged dtations (see Figure 4). Power could then be rerouted to the distribution system
viathe 154 kV transmission system, whaose substations were much less damaged. The
redundant system design used by TEAS performed successfully in this earthquake, even
though explicit planning for such earthquakes had not been done. Also, the eectric power
feed from Bulgariato Istanbul provided important redundancy from the west.

The power generation and transmission personnd were responsive and organized in their
efforts to stabilize the post-earthquake situation, rapidly assess critical damage, and restore
system operations. In generd, the criss management actions taken by TEAS were
effective. The ditribution company actions were also responsive and effective. Of
particular importance was the coordination between local government representatives and
the locd distribution companiesto safely restore power. Thus the dangers of restoring
power into damaged or collapsed buildings could be avoided.

The physical damage to generation, transmission, and distribution equipment was consstent

with the experiences in past earthquakesin California, Japan, and e sewhere, and included

the following typicd observations:

a Generaing plants may not have experienced high ground accelerations (0.4+ g) and did
not suffer Sgnificant damage.

a Transmisson towers and lines are highly resistant to earthquake damage, even when
displaced by surface fault rupture.



a Porcdain insdators used in high-voltage substation equipment are generdly vulnerable
to strong earthquake shaking and loading caused by interconnection with other
equipment, unless high-strength insulators and appropriate seismic designs are used.

a Unanchored equipment is saismicaly vulnerable, particularly trandformers stting on rails
or inadequately attached pole-mounted transformers. Transformer damage can
sgnificantly delay customer service restoration.

a Digribution power poles and towers are vulnerable to damage due to liquefaction and
other ground failures, particularly in urban areas where buildings are likely to be
damaged as well and can fal into the poles and towers.

a Pole-mounted transformersfall if shaking causes the polesto break, or if they are not
adequately anchored to the poles.

a Underground cables are prone to damage where they connect to surface electrica
supplies or buildings, and due to subsequent degradation in cable insulation due to
physical or ectricd effects. Such damage can lead to long delays in power restoration
because of the rdlative difficulty in repairing underground cables compared to overhead
lines

It isinteresting to note that the TEAS and TEDAS gt&ff did not report any distribution
transformer explosions or fires. Some pole mounted transformers in both the Northridge and
Hector Mine, Cdifornia earthquake areas exploded. It is thought that the eectric tranamisson
and digtribution lines did not arc and transformers did not blow up in the Kocaeli earthquake
sance the loss of the high-voltage power supply was initiated by the earthquake damage to the
Adapazari substation so that the digtribution lines were not energized. This prevented the arcing
of power lines or the exploding of trandformers. One important element of the effect of the loss
of power was the loss of power to the water distribution and trestment systems. The loss of
power caused pumps to shut down until emergency generators could be located and brought
into service. The water systems had to be carefully checked before water service could be
restored to those customers able to recelve water through the restored lements of the water

supply system.

NATURAL GASSYSTEM PERFORMANCE
Background

Turkey does not produce any sgnificant quantities of naturd gas. Most of thegasused in
Turkey is bottled propane. Naturd gas digtribution lines are being developed but are not nearly
asprevdent asin Cdifornia The naturd gas transmisson sysem in the vicinity of the
earthquake was limited to the BOTAS main naturd gas transmission lines, and the IZGAS
naturd gas digtribution system in the vicinity of 1zmit.

The naturd gas transmisson system serving Turkey is operated by BOTAS, and is comprised
of modern high-pressure sted pipdlines. Intheregion of the earthquake, the BOTAS pipeline
crosses the Bay of 1zmit between Mudlim on the north and the western side of the Hersek



Peninsula on the south. The pipeline thus crosses the North Anatolian fault essentidly at the
western end of the observed surface fault rupture. Following the earthquake, BOTAS
personnd ingpected the system, and found no damage. A single gas leak was found near the
north sde of the Bay of 1zmit crossing, west of Izmit, at a flange connection that was repaired
by tightening the balts.

The fidd team visted the locd naturd gas distribution company in Izmit caled IZGAS. 1ZGAS
was the fifth largest natura distribution company in Turkey when the earthquake struck. At the
time of the earthquake IZGAS had 26,000 customers and 380 kilometers of newly built (1995)
ged and polyethylene pipes. Natura gasis supplied to the IZGAS system by two connections
with the BOTAS naturd gastransmisson lines. The IZGAS system was located to the north of
the North Anatolian fault. 1ZGAS reported that their system did not cross any fault ruptures
associated with the Kocaeli earthquake. The IZGAS system was built in the mid-to late 1990s
and was made of sted and polyethylene pipe. The main lossto the IZGAS company due to the
earthquake was the loss of customers, damage to the gas meters, and the loss of revenue due to
the loss of demand for natural gas. [ZGAS reported that 860 gas meters were damaged due to
collgpsed buildings, and that they had lost 8,000 customers during the earthquake. What was
clear isthat the IZGAS system performed well but buildings that the gas was fed into were
destroyed or heavily damaged. None of the gas pipelines were serioudy damaged by the
earthquake. Fortunately, there were no fires associated with gas leaks. The SCADA system
survived the earthquake, but the SCADA operator fled from his station. Localy, the electric
system was not re-energized until the potentia for eectricdly ignited gas fires was mitigated.

Dr. Aykut Barka mentioned that a Turkish televison crew had video taped some lights over the
area of the epicenter and the shordines near 1zmit and Golcuk. He referred to the lights as
possibly being earthquake lights. The engineer for the Minister of State had mentioned that
some lights were observed close to amgor chemica plant near 1zmit, and was concerned about
the possibility of gas being released during an earthquiake and setting the plant on fire. Hedso
mentioned that a methane pocket was rel eased and had exploded dong the Marmara Sea coast
during the earthquake. Earthquake lights may be a potentia fire or explosive hazard, especidly
in areas that may have methane, hydrogen sulfide, or natural gas deposits near ground surface.

L essons L ear ned

The IZGAS didribution pipelines did not cross the surface fault rupture segments of the North
Anatolian fault. The BOTAS naturd gas transmission line crossed the North Anatolian fault near
Ydova, inthe Marmara Sea. Neverthdess, the gas lines were exposed to ground accelerations
estimated to be in the range of gpproximately 0.2 t0 0.35 g. The gas system performed smilarly
to the newer gas systemsingaled (polyethylene and stedl) in the Northridge and Loma Prieta
earthquakes. Standard practice for natura gas system siting, design and construction appears
to be effective in coping with moderate to strong levels of earthquake shaking (0.2 to 0.35+g) in
the Kocaeli earthquake, or much higher levels up to about 1.0 g as experienced in the
Northridge earthquake. For pipelines sited crossing active faults or other locations of large



permanent ground displacement, detailed seiamic andys's and associated design adjustments
should be carried out.

CONCLUDING REMARKS

Cdifornians have benefited from the observations made and interviews conducted after the
Kocadli earthquake, since the Turkish eectric generation, transmission, and distribution systems
aremilar to thosein Cdifornia. Mgor benefits from this earthquake were the collection of
strong ground motion records, the first-hand field observations of substation equipment design
and damage, and the interviews with engineers, managers and technicians of both TEAS and
TEDAS, dl without actudly having suffered amgjor urban earthquake in Cdifornia. Itis
important to note that the Kocaeli earthquake was smilar in sSze to the moment magnitude 7.4
Landers, Cdifornia earthquake of June 1992. A magjor difference between the Kocadli and the
Landers earthquakesiis that the Kocadli earthquake occurred in an areathat was localy highly
urbanized, while the Landers earthquake occurred in a sparsely populated (desert rurdl) region
of Cdifornia. Personnd from PG& E and the CEC, working with TEAS, TEDAS, and the
Istanbul Technical Universty Geology Department, reaffirmed the importance and gpplicability
of the eectric system seismic safety and reliability research carried out under the Public Interest
Energy Research program by PG& E and the Pecific Earthquake Engineering Research Center
(PG&E' s subcontractor). It is noted that PG& E has continued to investigate the earthquake
and the North Anatolian fault on their own.

Turkey has been experiencing rapid industrid and population growth, which hasled to a
sgnificant expangon in the number of water supply, natura gas distribution, and electric power
fecilities. Asthis development continues, and as the full recovery from the Kocaeli earthquake
occurs, more attention is needed to address the threats from future earthquakes, particularly
those occurring to the west dong the North Anatolian fault, and thus closer to Istanbul. To
improve future performance of lifdine sysemsin Turkey, an assessment of equipment and
system performance vulnerabilities to earthquake activity would serve to identify potentia
damage conditions that the current level of system resiliency could not adequately handle. Then
appropriate mitigation plans could be developed and implemented. These actions would enable
the gas ddlivery and dectric power sysemsin Turkey to continue to provide responsive service
restoration after future earthquakes.

Cdiforniais aso experiencing Sgnificant population and industrial growth which hasled to a
need to expand our infrastructure base of dectric power generation, transmission distribution,
natural gas transmission and distribution and water collection, transmission and distribution
systems. By applying lessons learned from the Kocadli and other large earthquakes, we are
able to help prudently develop our infrastructure so that it is more resstant to sgnificant damage
from earthquakes. Thisisamgor god for dectric sysem safety and rdiability improvement
within Cdifornia
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Figure 1. Map of Turkey and California showing the traces of the North Anatolian and
San Andreas faulls.




Figure 2, Oblique aerial photo of the Enerji SA cogeneration plant showing the housing
for the frame 6 CTG and the HRSG.




Figure 3. Photograph of the footing of a 154 kV electric transmission line tower
displaced by surface rutpure along the North Anatolian fault near Goleuck, Turkey,
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Figure 4. Map of 380 kV electric power transmission system in the earthquake affected
region. Also shown are selected portions of the 154 kV transmission system and sel ected
power generation plants.
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